The prediction of the structural damage to materials under irradiation is essential to evaluate consequences due to long term employment of construction materials in nuclear reactors and charged particle accelerators. The present paper describes the implementation of radiation damage effects in the particle transport code FLUKA for all particles and compares the results with the numerical evaluations available in the literature. In contrast with the implementation in other codes, we decided not to employ the Lindhard partition function but rather rework the formulas for an equivalent partition function restricted in energy above a user defined damage threshold. The implementation is based on the integration of the "universal" potential using realistic form factors, allowing for calculation of the restricted nuclear energy losses
I. Introduction 1 FLUKA 1, 2) is a general purpose Monte Carlo code capable of handling all radiation components from thermal energies (for neutrons), or 1 keV (for all other particles) till cosmic ray energies and can be applied in many different fields. The validity of the physical models implemented in FLUKA has been benchmarked against a variety of experimental data over a wide energy range, from accelerator data to cosmic ray showers in the Earth atmosphere. FLUKA is widely used for studies related both to basic research and to applications in particle accelerators, radiation protection and dosimetry, including the specific issue of radiation damage in space missions, radiobiology (including radiotherapy) and cosmic ray calculations.
The effects of radiation on the properties of solids are of significant interest in scientific and technological contexts. Moreover, as the power of particle accelerators is increasing 3) the prediction of the structural damage to materials under irradiation is essential to evaluate consequences due to long term employment. Since FLUKA is used for the protection studies of the LHC collider 4) it was recently enhanced *Corresponding author, E-mail: Vasilis.Vlachoudis@cern.ch with the capability of making realistic predictions of radiation induced damage to materials. In the following sections this implementation will be described and compared with the predictions of other codes.
II. Displacement Damage
The unit that is frequently used for measuring the radiation damage is the Displacement Per Atom (dpa). It is a measure of the amount of radiation damage in irradiated materials. For example, 3 dpa means each atom in the material has been displaced from its site within the structural lattice of the material an average of 3 times. Displacement damage can be induced by all particles produced in the hadronic cascade, including high energy photons. The latter, however, have to initiate a reaction producing charged particles, neutrons or ions. The dpa quantity is directly related with the total number of defects or Frenkel pairs N F
where ρ is the density in units of g/cm 3 , A is the mass number and NA is the Avogadro number.
Frenkel Pairs
A Frenkel pair N F (defect or disorder), is a compound crystallographic defect in which an interstitial lies near the vacancy. A Frenkel defect forms when an atom or ion leaves its place in the lattice creating a vacancy, and lodges nearby becoming an interstitial. The first practical formula for the calculations of N F was suggested by Kinchin-Pease model (K&P). 6) It was later modified by Norgert, Robinson and Torrens (NRT), 7) with the total number of defects N NRT being:
where N NRT is the number of defects by Norgert, Robinson and Torrens, κ = 0.8 is the displacement efficiency, T is the kinetic energy of the primary knock-on atom (PKA), ξ(T) is the Lindhard partition function according to the LSS theory, 8) E th is the displacement damage threshold. The assumptions used for deriving this expression are: (i) the cascade is created by a sequence of two-body elastic collisions between atoms; (ii) in the collision process, the energy transferred to the lattice is zero; (iii) for energies below the cut-off energy E c the electronic stopping is ignored and only atomic collisions take place; (iv) above the cut-off energy E c , no additional displacement occurs, (v) the energy transfer cross section is given by the hard-sphere model. Therefore the number of defects ν(T) are: 
Description of Main Ingredients
The factor 2E th is due to the hard sphere model, which assumes that the energy is equally shared between the two atoms on each collision.
The threshold displacement energy E th is the average minimum energy over all crystallographic directions to pro-duce a defect. Its value is of the order of tens of eV depending on the material. Table 1 shows some typical values as used by the NJOY code. 9) The displacement efficiency κ = 0.8 deviates from the hard sphere model (K&P), 6) and compensates for the forward scattering in the displacement cascade. The displacement efficiency κ can be considered as independent on T only in the range of T ≤ 1−2 keV. At higher energies, the development of collision cascades results in defect migration and recombination of Frenkel pairs due to overlapping of different branches of a cascade which translates into decay of κ(T). From molecular dynamics (MD) simulations 10, 11) 
where X≡20T in keV.
Lindhard Partition Function ξ(T)
In the NRT model the product ξ(T) T is closely related to the frequently used magnitude NIEL which is an acronym for non-ionizing energy loss. In the general case, NIEL is determined by the spectrum of recoil particles (atoms) dσ/dT integrated within the interval of recoil energies from 0 to the
where E is the energy of the projectile, m and M are the masses of the projectile and material atom, respectively. The value of ξ(T) gives the fraction of the stopping power S(T) that goes into NIEL. Therefore ξ(T)=S n (T)/S(T), with the S n (T) being the nuclear stopping power. Based on the assumptions that (i) electrons do not produce recoil atoms; (ii) the atomic binding term is negligible; (iii) the energy transfer to electrons is small in a relative measure; (iv) the T of the PKA is small compared with the projectile kinetic energy E, Lindhard 8, 12) approximated the value of ξ(T) as 
where subscript 1 refers to the projectile, 2 to the target, Z is the charge, A is the mass number. A nice feature of this approximation is that it can handle any projectile Z 1 , A 1 and in general an arbitrary charged particle. However, when the results of Eq. (5) are compared with the more recent approximations of the nuclear S n and electronic S e stopping power, 13) Eq. (5) reproduces quite well the partition function S n /(S e +S n ) for low energies (T < 1 keV) but it suffers serious discrepancies for higher energies (Fig. 2) . These discrepancies are due to the assumptions (see above) made by Lindhard in deriving the formula.
III. Nuclear Stopping Power
For the estimation of dpa with the NRT model, Eq. (2) and Eq. (4) make use of the NIEL and the Lindhard partition function ξ(T). Both are based on the unrestricted in energy nuclear stopping power
where N is the atomic density, T is the energy transfer during ion-solid interaction, dσ/dT is the differential scattering cross-section.
Restricted Nuclear Stopping Power
With the above approach we are overestimating the dpa since we are summing up also all recoils with T < E th that are smaller than the damage threshold E th . A more appropriate estimation of the dpa will imply the use of the restricted in energy nuclear stopping power for recoils with energy T above the damage threshold E th .
which is equivalent to
where θ is the deflection angle, W(θ,E)=γE sin 2 (θ/2) is the energy transfer to the recoil atom, b is the impact parameter, b max is the maximum impact parameter corresponding to energy transfer E th =W min (θ min ,E).
The scattering deflection angle θ can be calculated by
where V(r) is the interatomic potential of the two atoms, E cms is the energy in the CMS, r min is the minimum impact parameter, and p is the impact parameter.
To find the maximum impact parameter r max corresponding to a minimum recoil of E th we have to numerically solve Eq. (9) for θ = θ min . Either it can be done iteratively by numerical evaluation of the integral Eq. (9) or by using the magic scattering formula from Biersack-Haggmark 14) which provides a fitting to the sin 2 (θ/2). It is obvious that solving for θ min and subsequently calculating the restricted nuclear losses S n (E,E th ) poses a serious penalty in CPU-time, therefore, an approximate solution has to be found.
Approximation to Restricted Nuclear Energy Losses
Our approximation of the restricted nuclear energy losses is based on the approximation of Ziegler 15) of the unrestricted reduced nuclear stopping power in (MeV/g/cm 2 ) 
The reduced energy ε is given by (T in keV) ( ) 
The important features of this approximation are that it can be employed for any projectile-target combination as well with any charged particle. Moreover, is quite accurate ~1% for ε < 1 and to within 5% or better for ε > 3.
For the fitting we had to solve numerically the restricted reduced a X = log 10 [sin 2 (θ min /2) ε] (14) nuclear stopping power over a wide range of sin 2 (θ min /2) and reduced energy ε. Subsequently we fitted the fraction of the restricted reduced nuclear stopping power ξ r (E,E th ) that falls below the threshold E th =W(θ min ,E), over the total reduced stopping power as a function of the sin 2 (θ min /2) and reduced energy ε. The fitting formula we used is:
for X < 0. 
for X ≥ 0.3 we use a 3rd order polynomial fit to ξ r (E,E th ), and the fraction is given by
The fitting extends over nine orders of magnitude in reduced energy ε, and seven orders of magnitude in sin 2 (θ min /2). It has very good accuracy with a maximum error < 5% close to X = 0.3. Figure 3 shows the comparison of the ξ r (E,E th ) restricted partition function from the fitting routine and as it is numerically approximated.
IV. FLUKA Implementation
In FLUKA we decided to have uniform implementation for all particles and with minimum input from the user. Therefore, the only parameter the user is requested to supply a restricted for E > E th , and reduced working the reduced energy frame as given by Eq. (12) . is the damage threshold E th for all materials in the simulation. To this end, we reworked all formulas to calculate the restricted in energy nuclear losses, which above the damage threshold are only responsible for dpa. A two-dimensional integral is solved numerically and fitted with a two-dimensional function having a tolerance less than 5% spanning over nine orders of magnitude. Based on the fitting, for any impinging particle, during run-time FLUKA appropriately evaluates the number of recoils (and subsequent sub-cascade of the recoils) which have the power to induce damage to the material. In other words, a recoil nucleus is treated as a new projectile. As it will be described below the treatment is valid from 1 keV for all particles (thermal for neutrons) up to cosmic ray energies of PeV.
Charged Particles
During the transport of all charged particles and heavy ions the dpa estimation is based on the restricted nuclear stopping power while for NIEL on the unrestricted one. Therefore, for every particle above the transport threshold and for every Monte Carlo step, the number of defects is calculated based on a modified Eq. (4) as the multiple integral
where the prime symbol refers to the target material which in the sub-cascade becomes the new projectile. With Eq. (18), we are using the more accurate estimation of the partition function for the initial particle and we include the first sub cascade branch of the recoil particles. The calculation is based on the restricted partition function weighted also with the modified displacement efficiency κ(T) that takes into account the branch overlaps and recombination. Higher order sub cascades are rapidly reduced in energy and fall into the validity of the Lindhard assumptions, therefore we can safely assume that the nuclear stopping power is the dominant component. For the particles falling below the transport threshold of FLUKA (1 keV) we use a modified Eq. (3) for After any interaction all recoil particles if they are above the transport threshold set by the user, they are treated as new projectiles and they are subject to the above treatment. For all particles including the recoils falling below the transport threshold the NRT model Eq. (2) is used, which for low thresholds ~1 keV as we discussed before it reproduces quite well the unrestricted NIEL.
Neutrons
FLUKA uses the multi-group approach for the low-energy neutrons (< 20 MeV). The neutron cross sections libraries are pre-processed with the NJOY 9) program which provides group-to-group (down/up) scattering probabilities. Since the neutron interactions with the group approach are not treated explicitly there is no possibility of calculating the recoil energy, apart from few exceptions were point-wise treatment is used. Therefore during the processing of the libraries we include the NIEL information as it is provided by NJOY and it is used as such for the dpa, generating an overestimation of the dpa. The effect is visible as a small discontinuity ( Fig. 5 ) exactly at the matching energy of 20 MeV where the models stop and the group approach is used. In the future, when the low energy neutron point-wise treatment will be implemented for all materials in FLUKA this artifact will disappear.
Pair Production and Bremsstrahlung
There are two special cases of interactions, the pair e + , eproduction by photons and the Bremsstrahlung 5, 16, 17) both normally have a small momentum transfer to the target which has the capability to generate dpa. However the exact calculations of the nuclear recoil spectra are extremely involved and hardly can be used in practical simulations. On the other hand there are number of derivations of the cross section dσ/dp of the recoil momentum p.
For the Bremsstrahlung the cross section can be written as 18) (21) where c is a constant which corresponds to the minimum recoil momentum. Therefore, in our implementation, when a pair production or Bremsstrahlung event occurs we sample the recoil momentum from the Eq. (21) using as lower and upper momentum limits those dictated by the interaction kinematics. Even though the Eq. (21) can be integrated analytically the inverse of the integral cannot be solved analytically, therefore direct sampling is not possible, we are using the rejection technique from a function that resembles Eq. (21) with an efficiency of 80%. For high photon energies, the recoil of the pair production has very low limits much lower than the damage threshold E th . Therefore, when dpa scoring is requested, a biased sampling is performed only for momentum p which corresponds to recoils energy higher than E th .
V. Performances
Equation (18) is quite complicated and it has a serious penalty in CPU time, therefore it is tabulated at initialization time for all predefined particles of FLUKA as well as for the primary heavy ion if any. Due to memory constraints we cannot tabulate Eq. (18) for all possible recoil atoms, therefore for the other ions the integral is calculated numerically during transport time, however with lower precision.
When a particle falls below the transport threshold set in FLUKA by the user, the NRT formula is used as an approximation. Therefore it is strongly recommended that users perform a calculation with transport limits as low as possible (~1 keV) in order to benefit from the more accurate estimation of our implementation. Table 2 shows the comparison of the calculation 19) two cases (i) 1 GeV protons on 3 mm thick Fe target with a beam area of 1 cm 2 , and (ii) 320 MeV/A 238 U onto 1 mm Be target with a beam area of 9 cm 2 . The results from SRIM, 20) PHITS, 21) MCNPX 22) are Figure 6 shows a comparison of our model with the prediction of other simulation codes, for a 76 Ge ion beam of 130 MeV/A uniformly impacting on a R=0.03568 cm disc of W target with 1.2 mm thickness. Our model using the restricted energy losses (Eqs. (16) , (17)) together with the modified displacement efficiency (Eq. (3)) and the double integration (Eq. (18)) shows lower dpa values compared with the TRIM_2 and MARS, but higher than those from PHITS courtesy of Yosuke Iwamoto. The difference on the depth of the Bragg peak is due to the introduction in FLUKA of the Barkas and Bloch corrections for the ionization losses.
VI. Summary
We described our formalism for calculating damage to materials and the implementation into FLUKA of the NIEL and dpa evaluation. The user has to define the only free parameter that is requested, which is the damage threshold E th , for each material under investigation. FLUKA is able to predict in an accurate way the number of recoils which have the power to induce damage to the material. Finally the conversion to dpa is performed by using a modified Kinchin-Pease damage model and taking into account the effect on the displacement efficiency for higher recoil energies due to recombination and migration of the Frenkel pairs. In our formalism we treat all particles with the same model with the exceptions, of low-energy (< 20 MeV) neutron interactions, Bremsstrahlung and pair production. We are confident that our model is self consistent and behaves the same way for all particle energies. Therefore a material tested for damage at low energies (MeV) and simulated with FLUKA may be justly compared with the prediction for the same material under higher energies (TeV) of the LHC. 
